All data files are available from Figshare: <https://figshare.com/articles/Impacts_of_human_disturbance_on_ghost_crab_burrow_morphology_and_distribution_on_sandy_shore/6895109>.

Introduction {#sec001}
============

Human impacts have become the major force shaping ecosystems globally over the past century. The strength of these impacts in different regions are largely correlated with human population size and changes in the land-use dynamics \[[@pone.0209977.ref001]\]. Currently, human populations in coastal areas are growing faster than in other non-coastal regions \[[@pone.0209977.ref002]\].

Coastal ecosystems are highly preferred regions due to their valuable services \[[@pone.0209977.ref002]--[@pone.0209977.ref003]\] such as recreation and tourism \[[@pone.0209977.ref002],[@pone.0209977.ref004]\]. While recreation and tourism provide a socio-economic boost \[[@pone.0209977.ref005]--[@pone.0209977.ref007]\], they cause important ecological issues \[[@pone.0209977.ref004]\] such as alteration in natural habitats, declines in biodiversity and increase in pollution \[[@pone.0209977.ref008]\], which can cause either reversible or irreversible damage in coastal ecosystems \[[@pone.0209977.ref003], [@pone.0209977.ref009]\].

The degree of ecological change in marine ecosystems is strongly correlated with the intensity of human impacts \[[@pone.0209977.ref008]\]. On sandy beaches, those ecological alterations mostly are changes in fauna and flora \[[@pone.0209977.ref009]--[@pone.0209977.ref011]\], decreases in abundance and biodiversity \[[@pone.0209977.ref006],[@pone.0209977.ref009]\] and declining ecosystem services \[[@pone.0209977.ref012]\]. While human impacts may alter these aspects of marine ecosystems \[[@pone.0209977.ref013]\], the extent of human impacts is often monitored using bio-indicator species or assemblages \[[@pone.0209977.ref014]\]. Examples include bean clams, *Donax* spp. \[[@pone.0209977.ref015]--[@pone.0209977.ref017]\], mole crabs, *Emerita* spp. \[[@pone.0209977.ref018]\], sand beach coleoptera, *Phaleria* spp. \[[@pone.0209977.ref019]\] and ghost crabs, *Ocypode* spp. (see \[[@pone.0209977.ref020]\] and citations) and *Hoplocypode* spp. \[[@pone.0209977.ref021]\]. These species have been used extensively due to their high abundance and sensitivity to human impacts \[[@pone.0209977.ref022]\].

Ghost crabs have been widely used as a bio-indicator species to determine the ecological impacts of human use of sandy beaches globally (\[[@pone.0209977.ref020]\] and citations) because of their strong responses to anthropogenic \[[@pone.0209977.ref023]\] and natural impacts \[[@pone.0209977.ref024]\], as well as their relatively large size and characteristic behaviors \[[@pone.0209977.ref011]\]. Also, their burrowing behavior provides an advantage for a low-cost and efficient monitoring technique \[[@pone.0209977.ref025]\] that has been applied to many sandy beaches in various locations around the world such as in North Carolina \[[@pone.0209977.ref004], [@pone.0209977.ref024]\], Virginia and Maryland \[[@pone.0209977.ref010]\] Ghana \[[@pone.0209977.ref026], [@pone.0209977.ref027]\], Brazil \[[@pone.0209977.ref023]\], South Africa \[[@pone.0209977.ref028]\], as well as in Australia \[[@pone.0209977.ref011], [@pone.0209977.ref029]--[@pone.0209977.ref031]\].

While ghost crabs have been broadly used as indicator species, there are still aspects of their ecology and responses to human impacts that we do not understand. These include understanding the gradation in ghost crab responses, both in terms of individual behaviors and in terms of population abundance, across different levels of human impacts. Developing a better understanding of these factors will enhance the usefulness of ghost crabs as bioindicators of sandy beaches.

The purpose of this study was to investigate how various types and levels of human impacts alter the burrowing characteristics such as burrow volume, depth, inclination angle and shape and population levels like density, distribution and individual sizes of burrows of the Atlantic ghost crab, *Ocypode quadrata*, on South Carolina sandy beaches. We hypothesized that ghost crabs would produce smaller burrows and would be found in lower densities in areas that experienced the most extreme disturbance due to detrimental activities of visitors on sandy shores, and that burrowing properties would be more sensitive than burrow density as a bioindicator metric.

Methods {#sec002}
=======

Study sites {#sec003}
-----------

Twenty sandy beaches under various levels of human disturbance located on the coast of South Carolina, United States were sampled between 26th May and 28th September 2016 ([Fig 1](#pone.0209977.g001){ref-type="fig"}). The total distance between the northernmost study site (North Myrtle Beach) and southernmost study site (Burkes Beach, Hilton Head) was about 300 km. All field research was conducted under a permit issued by South Carolina Department of Natural Resources (Permit Numbers: 4044, 4261). No protected species were disturbed during our research. All study sites are ocean exposed sandy beaches, however, because of a wide continental shelf, the wave energy affecting the coast of South Carolina is relatively low \[[@pone.0209977.ref032]\].

![Study sites.\
In the map, P represents the pristine sites, MI represents the moderately impacted sites by only people, HI represents the highly impacted sites by only people and HV represents the highly impacted sites by people and vehicles. Map was created with QGIS v3.0 software.](pone.0209977.g001){#pone.0209977.g001}

We divided our study sites in 4 different groups in terms of impact levels based on our observations of intensity of visitors, whether or not beaches experienced mechanical cleaning and presence or absence of the vehicles on the sand. In order to determine the intensity of the visitors on the beaches, we counted the number of people at each site using binoculars over a two-hour period from 0800 to 1000 h over approximately a linear kilometer of the beach during a normal workweek. We observed whether the beach was mechanically cleaned at night by noting both the vehicles and their tire-marks on the sand.

The sites that are not accessible by vehicles were considered as pristine sites, because no pedestrians or vehicles were observed. We considered the beaches as moderately impacted sites when they were visited by less than 50 pedestrians per hour. The number of visitors at moderately impacted sites ranged from 31 people h^-1^ at Pawley's Island to 48 people h^-1^ at Folly Beach with an average of 39.3±17.5 (±S.D.) people h^-1^. On the other hand, the number of visitors at highly impacted sites by only people were between 54 people h^-1^ at Surfside Beach and 63.5 people h^-1^ at Sullivan's Island with an average of 60.2±32.08 (±S.D.) people h^-1^. Finally, the visitor numbers at highly impacted sites by people and vehicles ranged from 58.5 people h^-1^ at Garden City Beach to 89.5 people h^-1^ at Myrtle Beach 1 with an average of 72.3±13.5 (±S.D.) people h^-1^. For a detailed description of the study sites see \[[@pone.0209977.ref033]\].

Spatial burrow distribution {#sec004}
---------------------------

Gül and Griffen \[[@pone.0209977.ref033]\] used an indirect burrow examination technique on South Carolina sandy shores to understand whether ghost crab burrow density and size varied in relation to presence of human disturbance. They only examined burrows within 2.5 m of the backshore vegetation within each site and thus did not collect any data for spatial burrow distribution and the variation in the burrow density and size at different tidal heights.

In order to determine if the distribution patterns of the ghost crab burrows change due to human disturbance, we observed the burrow opening diameter (hereafter burrow diameter). At each site, we sampled in three replicate rectangular quadrats (10 m X 5 m) at each of five tidal heights parallel to the shore at low tides. Quadrats at the same tidal height within a beach were spaced \~100 m from each other. The first quadrat (T1) was deployed on the seaward site of the dune vegetation. The fourth (T4) and the fifth (T5) quadrats were applied on the landward and seaward sites of the strand line, respectively. Since the beach width varied among study sites, we positioned the second (T2) and third (T3) quadrats between T1 and T4 so that all were separated by approximately equal distances. This meant that the distance between quadrates T1-T4 differed across sites depending on the width of the shore.

In each quadrat, only the active ghost crab burrows were examined. We observed the fresh sand and/or traces left by individuals around the burrow mouths to decide if a burrow was active or not \[[@pone.0209977.ref029]-- [@pone.0209977.ref031]\]. Since crab size is positively related to its burrow opening diameter in Atlantic ghost crab (r^2^ = 0.98; \[[@pone.0209977.ref034]\]), we examined ghost crab burrows by measuring the largest distance of the burrow openings as burrow diameter using a Vernier caliper (±0.1 mm) and the distance between the burrow openings and the backshore vegetation (hereafter distance). When the burrow had more than one opening, we considered only the main opening by observing the traces around it. We used a linear mixed effects model to determine whether the size of ghost crab burrows varied among tidal heights and the beaches that were under various levels of human disturbance. Human impact level was treated as categorical fixed factor. Human impact types and quadrats (i.e. tidal height on the beach) were treated as categorical and ordinal fixed factors, respectively. To control for daily and latitudinal difference, sampling time as julian day and latitude of the sampling site were added as random factors to this analysis and all subsequent statistical analysis in this paper. Also, for this and all subsequent statistical analysis, we used Tukey's multiple comparison test to determine the pairwise differences among impact types. We used the statistical software R version 3.3.2 \[[@pone.0209977.ref035]\] for all statistical analyses.

To understand if the burrow density (burrows/m^2^) was affected in different parts of beaches under various impact levels, we counted the number of the active burrows in each quadrat and analyzed these data using a generalized linear mixed effects model (GLMM) with a Poisson distribution. The impact level was treated as fixed factor and the quadrat number (i.e., relative height on the shore) was treated as an ordinal variable.

Burrow architecture {#sec005}
-------------------

The following procedure was conducted after sunset to make sure that all individuals had already left their burrows. Burrows (1 to 3 burrows from each quadrat level with various opening sizes (except T5 because it was often submerged) were selected randomly. We poured a 2:1 mixture of plaster of Paris and freshwater into the burrows until they were fully filled \[[@pone.0209977.ref036]\]. We waited for about 30 minutes until the plaster was dried, after which we excavated the casts using a shovel. We measured the angle of inclination of the casts relative to horizontal. After excavation, we measured the depths using a ruler from the surface to the deepest point of the casts. We then labeled the casts and took them to the laboratory for further investigations.

In the laboratory, we measured the diameter every three-centimeters along the length of each cast using a Vernier caliper (±0.1 mm) and obtained the average diameter of each cast. The volume of the casts was obtained by using the equation for the volume of cylinder and using the average diameter of each cast. The shapes and the patterns of the casts were obtained by visual observations. We used chi-square to test the variation in burrow shapes between human impact levels.

Burrow size and morphology may also be influenced by physical characteristics of the site. Thus, we measured the surface temperature and moisture (i.e. relative humidity) for 10 minutes every hour during the night using a data logger (Onset U23-001, HOBO Pro v2). We also measured the temperature and moisture---of the burrows at the deepest point just after we excavated the casts -. Because these excavations were done at night, we assume that the brief aerial exposure following excavation and before measurement did not substantially influence these measurements; and any influence on temperature or moisture from aerial exposure that did occur would have been similar across all burrows, and therefore would not influence our cross-site comparison.

To obtain geomorphological properties of the study sites, we measured the sand compaction, sand grain size and beach slope. We obtained the sand compaction by using a pocket penetrometer (AMS G281) applied five times in each site. Since the strength of the sand was very low, we applied the penetrometer with its adaptor foot that increases the surface area of the measurement by 16 times. At the end of the measurements, we divided our results by 16 to obtain the actual compaction values. For grain size, we used the sieving method \[[@pone.0209977.ref037]\]. We collected three 500 g samples from each site. The sand was dried and separated through a series of sieves with different mesh sizes (2 mm, 1 mm, 0.5 mm, 0.42 mm, 0.25 mm, 0.177 mm, 0.125 mm and 0.074 mm). Finally, we obtained the slope of the study sites by dividing the elevation difference between the beginning of the backshore vegetation and the strandline by the distance between those two points. For each study site, the same technique was applied three times.

Since the burrow volume and depth are positively correlated with the size of burrow opening \[[@pone.0209977.ref036], [@pone.0209977.ref038]\], which itself is a proxy of crab size \[[@pone.0209977.ref034]\], we regressed log-transformed burrow architectural data against log-transformed burrow diameter to remove the effects of crab size \[[@pone.0209977.ref039]\]. The standardized residuals from those regressions were used as response variables for all subsequent statistical analyses for burrow architecture. We used linear mixed effects models to examine the factors that influenced the variation in burrow metrics. The residuals of burrow volume and depth, after accounting for crab size, and inclination angle were treated as the response variables in separate analyses. The suite of predictor variables varied depending on the expected relationships for each response variable. For the model examining burrow volume, we used impact level, sand grain size, distance from backshore vegetation, sand compaction and all the possible interactions of those variables as fixed factors. For the model examining burrow depth, we used burrow temperature and humidity in addition to the variables listed above. Random factors were the standard factors described above for all analyses in this study. For each of these analyses, we selected the best fitting models using the lowest AICc values (*dredge* function in MuMIn package in R, \[[@pone.0209977.ref040]\]). When more than one model with ΔAICc \< 2 existed, the models were averaged \[[@pone.0209977.ref041]\].

Results {#sec006}
=======

Burrow size and distance from backshore vegetation {#sec007}
--------------------------------------------------

A total of 5565 ghost crab burrows were examined in terms of their size, density and the distance from vegetation. Burrow diameter showed a notable difference in the sites that were heavily disturbed compared to less impacted sites ([Fig 2](#pone.0209977.g002){ref-type="fig"}). The burrow diameter in pristine sites was significantly higher than the burrow diameter in the sites that were moderately impacted (estimate = -7.39, z = -7.11, p \< 0.001), highly impacted by people (estimate = -10.74, z = -10.03, p \< 0.001) and highly impacted sites by people and vehicles (estimate = -15.26, z = -13.33, p \< 0.001). Unsurprisingly, a higher average of burrow diameter was found in moderately impacted sites compared to highly impacted sites by people (estimate = -3.35, z = -3.28, p = 0.005) and highly impacted sites by people and vehicles (estimate = -7.87, z = -7.15, p \<0.001). Also, presence of vehicles on the sandy shores caused a lower burrow diameter in the sites that are heavily disturbed (estimate = -4.51, z = -3.39, p \< 0.001, [Fig 2](#pone.0209977.g002){ref-type="fig"}).

![Overall ghost crab burrow density and opening diameter among impact types.\
Variation in burrow density (mean burrow/m^-2^ ±S.E.) (a) and burrow opening diameter (mm ±S.E.) (b) for *O*. *quadrata* among impact types on South Carolina beaches. (P = pristine sites, MI = moderately impacted sites, HI = highly impacted sites by only people, HV = highly impacted sites by people and vehicles). Letters above bars represent significant differences.](pone.0209977.g002){#pone.0209977.g002}

We found zonation in burrow size and location on the beaches in all disturbance levels ([Fig 3](#pone.0209977.g003){ref-type="fig"}). The results of LME indicated that there was clear difference in the zonation of burrow sizes in pristine sites compared to moderately impacted sites (LME, estimate = 2.53, t = 11.16, p \< 0.001) and highly impacted sites (by people: LME, estimate = 2.53, t = 14.29, p \< 0.001 and by people and vehicles: LME, estimate 4.71, t = 14.78, p \< 0.001). Random factors were as follows: latitude variance component = 0.275 (S.E. = 0.524) and Julian days variance component = 1.013 (S.E. = 1.006).

![Ghost crab burrow diameters among impact types.\
Relationship between the diameter (mm) of *O*. *quadrata* burrows and the distance from backshore vegetation (m) on South Carolina sandy beaches (a = pristine sites, b = moderately impacted sites, c = highly impacted sites by only people, d = highly impacted sites by people and vehicles).](pone.0209977.g003){#pone.0209977.g003}

Burrow density {#sec008}
--------------

We found that the zonation of ghost crab burrows was altered by human impacts. While, the burrow density across beaches in pristine sites were similar to each other, ghost crabs mostly occupied the edges of the sites (upper and lower parts of beaches) under human impacts. The ghost crab burrow density was significantly lower in the sites that were under human impacts compared to pristine sites, and also differed among quadrats ([Table 1](#pone.0209977.t001){ref-type="table"}, [Fig 4](#pone.0209977.g004){ref-type="fig"}). Expectedly, burrow density was lower in moderately impacted (estimate = -0.68, z = -5.13, p \< 0.001), highly impacted by people (estimate = -1.15, z = -8, p \< 0.001) and highly impacted by people and vehicles (estimate = -1.88, z = -11.6, p \< 0.001) sites compared to the burrow density in pristine sites. Both highly impacted sites by people (estimate = -0.47, z = -3.27, p = 0.0058) and highly impacted sites by people and vehicles (estimate = -1.2, z = -7.39, p \< 0.001) had lower burrow densities than moderately impacted sites. Additionally, vehicle impacts on sandy shores caused a lower burrow density (highly impacted sites by people vs highly impacted sites by people and vehicles: estimate = -0.73, z = -4.3, p \<0.001, [Fig 2](#pone.0209977.g002){ref-type="fig"}).

10.1371/journal.pone.0209977.t001

###### Summary of generalized linear mixed effects model (GLMM) with poisson distribution showing the burrow density (burrow/m^2^) in quadrats and sites under various types of human impacts compared to pristine sites.

![](pone.0209977.t001){#pone.0209977.t001g}

  ----------------------------------------- -------------------- --------------- ----------------------------------------------
  **fixed factor**                          **S.E.**             ***Z*-value**   ***p*-value**
  *A* (moderate impact)                     0.136                -5.01           \<0.001[\*](#t001fn001){ref-type="table-fn"}
  *B* (high impact by only people)          0.144                -8.01           \<0.001[\*](#t001fn001){ref-type="table-fn"}
  *C* (high impact by people and vehicle)   0.162                -11.6           \<0.001[\*](#t001fn001){ref-type="table-fn"}
  *D* (quadrat)                             0.011                0.67            0.49
  *A* x *D*                                 0.026                -8.89           \<0.001[\*](#t001fn001){ref-type="table-fn"}
  *B* x *D*                                 0.030                -6.28           \<0.001[\*](#t001fn001){ref-type="table-fn"}
  *C* x D                                   0.037                -3.03           \<0.001[\*](#t001fn001){ref-type="table-fn"}
  **Random factor**                         Variance component                   S.E.
  *Latitude*                                \<0.001                              \<0.001
  *Julian days*                             0.022                                0.151
  ----------------------------------------- -------------------- --------------- ----------------------------------------------

\* indicates the significant values

![Ghost crab burrow density among impact types and height of the beaches.\
*O*. *quadrata* burrow density (burrows/m^2^ ± S.D.) on South Carolina sandy beaches with various disturbance levels and with height on the shore (transects).](pone.0209977.g004){#pone.0209977.g004}

Burrow architecture and metrics {#sec009}
-------------------------------

We examined a total 146 ghost crab burrow casts of seven shapes resembling the letters I, Y, L, J, U, V and M. Regardless of impact level, most of the burrows were of I (n = 47) with 32.87% and Y (n = 39) with 26.71% shapes ([Fig 5](#pone.0209977.g005){ref-type="fig"}). Burrows with single-opening shapes (I, J, L) were more common (55.47%) than more complex-shaped with multi-openings burrows (Y, U, V, M) (44.52%). Burrow shapes in pristine sites differed significantly compared to burrow shapes in moderately impacted sites (*Chi-squared* test, *X*2 = 418.4, df = 42, p \< 0.001) and in heavily impacted sites (by people: *Chi-squared* test, *X*2 = 438, df = 49, p \< 0.001 and by people and vehicles: *Chi-squared* test, *X*2 = 303.26, df = 49, p \< 0.001). In addition, burrow shapes in moderately impacted sites were different from the burrow shapes in highly impacted sites by people (*Chi-squared* test, *X*2 = 531.33, df = 42, p \< 0.001) and in highly impacted sites by people and vehicles (*Chi-squared* test, *X*2 = 330.54, df = 42, p \< 0.001). Burrow shapes also changed with the impact of vehicles in heavily impacted sites (*Chi-squared* test, *X*2 = 527.53, df = 49, p \< 0.001). Unlike the previous studies on different ghost crab species \[[@pone.0209977.ref031]\], we found no chambers at any parts of the burrows.

![Variation in burrow shapes among impact types.\
Percent frequency (%) of *O*. *quadrata* burrow shapes among impact types on South Carolina beaches.](pone.0209977.g005){#pone.0209977.g005}

Metrics of the burrow casts clearly varied among sites based on impact level. Specifically, ghost crab burrow volume was similar between heavy impacted beaches (highly impacted site by people vs highly impacted sites by people and vehicles: z = -1.03, p = 0.69) and also between slightly impacted beaches (moderately impacted sites vs pristine sites: z = -2.4, p = 0.065). Additionally, ghost crabs appeared to create larger burrows in pristine sites compared to highly impacted sites by people (z = -3.12, p = 0.008) and highly impacted sites by people and vehicles (, z = -3.27, p = 0.004). Surprisingly, there was no significant difference between moderately impacted sites and highly impacted sites by people (, z = -2.32, p = 0.08) in terms of burrow volume ([Table 2](#pone.0209977.t002){ref-type="table"}, [Fig 6](#pone.0209977.g006){ref-type="fig"}). According to the best fitting models, geomorphological properties of the sandy beaches (i.e. sand compaction and grain size) were correlated with the burrow volume ([Table 2](#pone.0209977.t002){ref-type="table"}). The average sand compaction (range: 0.04--0.131 kg cm^-2^) and grain size (range: 0.238--0.52 mm) were 0.086 kg cm^-2^ and 0.32 mm, respectively.

![Burrow metrics among impact types.\
Variation in residual burrow volume (mean ± S.E.) (a), residual burrow depth (mean ± S.E.) (b) and inclination angle (mean ± S.E.) for *O*. *quadrata* among impact types on South Carolina beaches. Capital letters within graph represent significant differences (c).](pone.0209977.g006){#pone.0209977.g006}

10.1371/journal.pone.0209977.t002

###### Summary of linear mixed effects model (LMER) with a Gaussian distribution showing the residual burrow metrics (burrow volume (cm^3^), burrow depth (cm) and burrow inclination angle (°) of ghost crab populations after accounting for crab size in the sites under various types of human impacts compared to pristine sites.

![](pone.0209977.t002){#pone.0209977.t002g}

  --------------------------------------------- ----------------------- --------------- -----------------------------------------------
                                                **Burrow volume**                       
  **fixed factor**                              **S.E.**                ***t*-value**   ***p*-value**
  ***A* (moderate impact)**                     0.075                   -2.4            0.029[\*](#t002fn001){ref-type="table-fn"}
  ***B* (high impact by only people)**          0.094                   -3.12           0.006[\*](#t002fn001){ref-type="table-fn"}
  ***C* (high impact by people and vehicle)**   0.104                   -3.27           0.004[\*](#t002fn001){ref-type="table-fn"}
  ***D* (compaction)**                          6.142                   2               0.063
  ***E* (grain size)**                          1.875                   2.21            0.04[\*](#t002fn001){ref-type="table-fn"}
  ***D x E* (grain size x compaction)**         18.181                  -1.95           0.067
  **Random factor**                             Variance component                      S.E
  ***Julian days***                             \<0.001                                 \<0.001
  ***Latitude***                                \<0.001                                 \<0.001
                                                **Burrow depth**                        
  ***A***                                       0.028                   2.12            0.033[\*](#t002fn001){ref-type="table-fn"}
  ***B***                                       0.03                    3.79            0.0001[\*](#t002fn001){ref-type="table-fn"}
  ***C***                                       0.029                   5.086           \<0.0001[\*](#t002fn001){ref-type="table-fn"}
  ***F* (humidity)**                            0.057                   0.002           0.99
  ***G* (temperature)**                         0.047                   2.23            0.025[\*](#t002fn001){ref-type="table-fn"}
  ***F x G***                                   0.021                   0.002           0.99
  **Random factor**                             Variance component                      S.E
  *Julian days*                                 0.0005                                  0.023
  *Latitude*                                    0.0045                                  0.094
                                                **Inclination angle**                   
  ***A***                                       2.72                    -4.87           0.0008[\*](#t002fn001){ref-type="table-fn"}
  ***B***                                       2.65                    -5.04           0.0006[\*](#t002fn001){ref-type="table-fn"}
  ***C***                                       2.75                    -9.15           \<0.0001[\*](#t002fn001){ref-type="table-fn"}
  ***E***                                       14.8                    0.94            0.36
  ***H*** **(distance)**                        0.104                   -1.57           0.11
  **Random factor**                             Variance component                      S.E
  *Julian days*                                 \<0.001                                 \<0.001
  *Latitude*                                    7.306                                   2.703
  --------------------------------------------- ----------------------- --------------- -----------------------------------------------

\* indicates the significant values

Ghost crabs appeared to dig deeper burrows as the level of human impact increased. Ghost crab burrows were shallower in pristine sites compared to moderately impacted sites (z = 1.87, p = 0.023), highly impacted sites by people (z = 3.15, p = 0.008) and highly impacted sites by people and vehicles (z = 3.92, p \< 0.001). However, burrow depths were similar in moderately impacted and highly impacted sites by people (z = 1.66, p = 0.33), the depth was higher in highly impacted sites by people and vehicles (z = 2.72, p = 0.032). Also, there was no difference in burrow depth between highly impacted sites by only people and by people and vehicles together (z = 1.12, p = 0.67, [Table 2](#pone.0209977.t002){ref-type="table"}, [Fig 6](#pone.0209977.g006){ref-type="fig"}). Moreover, inclination angle became steeper with increasing human impact and sand grain size and the distance from the backshore vegetation. Ghost crab burrows were steeper in highly impacted sites by people and vehicles compared to burrows in pristine (z = -9.15, p \< 0.001), moderately impacted sites (z = -4.81, p \< 0.001) and highly impacted sites by people (z = -4.68, p \< 0.001). The inclination angle of the ghost burrows was lower in both moderately impacted (z = -4.87, p \<0.001) and highly impacted sites by people (z = -5.04, p \<0.001) compared the burrows in pristine sites ([Table 2](#pone.0209977.t002){ref-type="table"}, [Fig 6](#pone.0209977.g006){ref-type="fig"}The best fitting model showed that burrow inside temperature was correlated with burrow depth, but relative humidity was not ([Table 2](#pone.0209977.t002){ref-type="table"}, [Fig 7](#pone.0209977.g007){ref-type="fig"}).

![Environmental properties.\
Variation in environmental properties in *O*. *quadrata* burrows and among disturbance types. a) relative ambient and burrows humidity (mean ± S.E.) among disturbance types, b) burrow and ambient temperature (mean ± S.E.) among disturbance types.](pone.0209977.g007){#pone.0209977.g007}

Discussion {#sec010}
==========

We have shown that the distribution of the *O*. *quadarata* burrows on sandy beaches vary among the sites that are under influence of various levels and the types of human disturbance. We have further demonstrated that *O*. *quadrata* populations responds strongly to various human impact types by declining in both size and density, and burrowing characteristics and burrow dimensions vary based on human impacts on sandy beaches.

Previous studies have shown that environmental variables can also influence ghost crab burrow density, size and architecture such as temperature, moisture level, wind \[[@pone.0209977.ref031]\], and geo-morphological properties of the sandy shores like sand compaction, beach slope and sand grain size \[[@pone.0209977.ref042]-- [@pone.0209977.ref043]\] and as well as erosion \[[@pone.0209977.ref024]\]. Since the main goal of this work was to understand the impact of human disturbance, we did not examine these other factors.

Burrow density and size {#sec011}
-----------------------

The results of our study reflect that the overall density and the average burrow size dramatically decline at the sites where human impacts exist. Several studies have shown that vehicles \[[@pone.0209977.ref004], [@pone.0209977.ref007], [@pone.0209977.ref010], [@pone.0209977.ref016], [@pone.0209977.ref024], [@pone.0209977.ref028]-- [@pone.0209977.ref031]\], intense pedestrian trampling \[[@pone.0209977.ref023],[@pone.0209977.ref029]\] and cold fronts \[[@pone.0209977.ref044]\] cause a significant decline in number and size in ghost crab populations and our findings in terms of reductions in ghost crab populations are consistent with those studies. It has been found that individuals using burrows that are shallower than 25 cm are likely to be crushed by vehicles \[[@pone.0209977.ref006]\]. This finding may explain the reason why the density is low at the sites where vehicles are allowed, especially when they are allowed during the day time when crabs are in their burrows. It seems reasonable to explain the decline in the individual crab size under vehicles disturbance by considering the direct crushing by vehicles during night times \[[@pone.0209977.ref004]\], since the larger individuals are slower than the middle size ones \[[@pone.0209977.ref045]--[@pone.0209977.ref046]\] and so they may not be fast enough to escape vehicles during night time activity. But, these arguments cannot explain the decline in the ghost crab populations in the sites where the vehicles are not present. During our sampling, we observed people catching and playing with crabs during night times. They mostly catch the larger individuals, possibly because they are easier to see and catch. Stress from this type of human encounter may contribute to the decline in density and size for those sites that have intense human impact.

Changes in food abundance may also contribute to ghost crab declines. Common prey items including bean clams (*Donax* spp.), mole crabs (*Emerita* spp.) and sandy beach coleoptera (*Phaleria* spp.) decline dramatically due to human disturbance \[[@pone.0209977.ref016]-- [@pone.0209977.ref019]\]. This decline in food items may alter energy dynamics of ghost crabs in ways that limit growth rate. Reductions in bean clams and mole crabs may be especially problematic since they are the most preferred food items given their high caloric content \[[@pone.0209977.ref034]\]. If this is the case, then smaller individuals in highly disturbed sites may potentially be similar ages as larger individuals in pristine and moderately impacted sites, reflecting lower growth rates due to food limitation. Overall, the reason for the reductions in the density and the individual size of ghost crab populations is still not clear \[[@pone.0209977.ref006]\] and most probably cannot be explained by using a single mechanism. Further research is required to investigate the possible reductions in the growth rate of ghost crabs related to food availability in highly disturbed sites.

Additionally, it is possible that the number of burrows (i.e. territory size) differs for crabs on beaches with different levels of human impact \[[@pone.0209977.ref047]\]. If so, burrow counts could cause spurious estimates of crab density across beaches. But, it should not change the overall results of the burrow size, since individuals excavate burrows relative their carapace width \[[@pone.0209977.ref034]\]. Moreover, a higher mortality or injury rate for larger individuals on the drift zones in unprotected beaches due to cold fronts may contribute to the lower density \[[@pone.0209977.ref044]\].

Spatial distribution of ghost crab burrows {#sec012}
------------------------------------------

Our findings demonstrate that the burrow density is relatively homogenous across the pristine and moderately impacted beaches, but that individuals mostly prefer the edges of the beaches for burrowing in highly disturbed sites. Also, smaller individuals mostly occupy the landward areas of the strandline and the upper intertidal areas in highly disturbed sites. Contrary to this, smaller individuals (even juveniles) are more evenly dispersed across the shore in pristine and moderately impacted sites. Our findings in terms of lower moisture content at the sites where a high level of human impact exists are consistent with \[[@pone.0209977.ref010]\] and \[[@pone.0209977.ref007]\] probably due to the high compaction rate. As semi-terrestrial organisms, ghost crabs can burrow in both dry and wet areas \[[@pone.0209977.ref048]\] but always need to moisten their gill chambers for respiration \[[@pone.0209977.ref049]\]. Also, the frequency of moistening their gill chambers varies based on size (i.e. juveniles require more frequent replenishment of the water in their gill chamber than adults) \[[@pone.0209977.ref049]\]. Thus, finding the smaller burrows next to the strandline seems reasonable, since smaller individuals are not capable of digging as deep burrows \[[@pone.0209977.ref036]\] to access the sufficient moisture content in the sand \[[@pone.0209977.ref049]\]. Also, reductions in the inclination angle and the increase in size-independent burrow depth with increasing impact level might be evidence for the burrowing behavior of accessing an area of higher moisture content. While these arguments seem reasonable, they do not explain the fact that juveniles were found dispersed across all portions of pristine beaches. This finding could therefore indicate that juveniles are not required to renew the water in their gill chamber as often as anticipated, or that they spend more time outside of their burrows and access water during day time \[[@pone.0209977.ref049]\] in pristine and moderately impacted sites.

Biological reasons could also explain the distribution patterns of the individuals in various sizes. According to our findings here, in highly impacted sites, mostly smaller individuals occupy the areas closer to strandline and larger individuals occupy the areas closer to dunes that are more stable parts of the beaches. The higher density next to the backshore vegetation may be due to less impact by cleaners especially in the beaches that are mechanically cleaned. We have observed that the cleaners do not approach the vegetation, leading to less frequent disturbance in that part of the beach. Thus, the distribution may reflect the presence of vegetation. It seems reasonable to conclude that larger individuals competitively exclude smaller ones from those more stable portions of the beach. More studies are required to investigate the biological influences on the distribution of the ghost crabs under various impact levels and types such as intraspecific competition for space.

Ghost crabs are relatively intolerant to cold temperatures because of the associated low humidity \[[@pone.0209977.ref050]\]. However, while the moisture pattern of the ghost crab burrows has been studied, it remains unclear whether burrow temperature plays any role on the cross-shore distribution of ghost crab burrows \[[@pone.0209977.ref051]\]. Our results show that *O*. *quadrata* burrow characteristics are correlated with burrow moisture content, suggesting that burrow humidity may be an important factor. In highly disturbed sites, crabs dig deeper burrows, perhaps to reach more humid sediments. We have also shown that the temperature inside of *O*. *quadrata* burrows is not as important as moisture level for determining burrow morphology. These findings suggest that regardless of life stage and the position on the beach, ghost crabs require similar amount of moisture and they can tolerate variations in temperate in their burrows.

Burrow architecture and metrics {#sec013}
-------------------------------

We expected to find simpler burrow construction in highly disturbed sites especially when the site is impacted by the vehicles because of higher energy requirements of the complex-shaped burrows \[[@pone.0209977.ref007]\]. We instead found that *O*. *quadrata* create similarly shaped burrows under all types and levels of human impacts, although the proportion of the complex-shaped (Y, U, V, M) burrows varied among the level of human impacts. Higher proportion of the burrows with second arm could be a strategy of escaping from the potential predators or water entry from wave splash \[[@pone.0209977.ref052]\]. Since we have found no relation between burrow shapes and location within a beach, it is more likely that individuals create those complex-shaped burrows as a precaution against predators, or cannibals, rather than water entry.

Our finding of simple burrow construction is consistent with previous reports for this species \[[@pone.0209977.ref053]\],and may be an energy saving strategy \[[@pone.0209977.ref007]\]. The smaller and deeper burrows in highly impacted sites by people and vehicles support this idea. Physical pressure exerted by the weight of vehicles is greater than that produced by pedestrians and thus should reach deeper points. Thus, individuals excavate deeper, smaller and simpler burrows at highly impacted sites by people and vehicles both to save energy while still attaining protection and reaching the appropriate moisture.

Conclusion {#sec014}
==========

We demonstrate that *O*. *quadrata* alters the density, individual size, burrowing behavior and type and distribution patterns with increasing disturbance on sandy shores. These strong responses to even a small change in human disturbance makes *O*. *quadrata* a highly reliable bio-indicator species to determine and monitor the ecological consequences of human impacts on sandy beaches. Coastal managers often require ecological data to set up successful conservation plans. As a simple tool, burrow counts have been used previously (*see* \[[@pone.0209977.ref020]\]) as a reliable indicator of population density and dynamics and individual sizes \[[@pone.0209977.ref034], [@pone.0209977.ref054]--[@pone.0209977.ref056]\]. As mentioned by \[[@pone.0209977.ref057]\] for density of sandy beach organisms, we suggest cross-shore sampling to determine the variations in population structure, burrowing behavior and distribution pattern, all of which can increase the strength of the data collected for management purposes. We further suggest that combining the abundance and morphology data of ghost crab burrows for determining the health of sandy shores is a promising and low-cost technique for coastal managers.
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